M
aternal sepsis is a common pregnancy-related condition in the United States, is the fourth leading cause of maternal mortality, accounts for up to 15% of maternal deaths, 1,2 and 5% of maternal admissions to the intensive care unit (ICU). 3 The general acceptance of early goal-directed therapy for sepsis has prompted the development of scoring systems able to identify patients at risk for clinical deterioration. [4] [5] [6] [7] Two validated scores that are currently in use in the emergency department (ED) are the Modified Early Warning Score and the Rapid Emergency Medicine Score. 5, 7 Both use vital signs easily obtained in the ED, neither are diseasespecific, and both have been shown to be strong predictors of admission and in-hospital mortality. The Third International Consensus Definitions for Sepsis and Septic Shock, published in 2016, recommends use of the quick Sequential (Sepsis-related) Organ Failure Assessment score (1 point each for systolic hypotension [100 mm Hg or less], tachypnea [22 breaths/minute or greater], or altered mentation) rather than the Systemic Inflammatory Response Syndrome (SIRS) criteria for rapid diagnosis of sepsis. 6 These scoring systems specifically excluded pregnant women in their study populations and, when evaluated in critically ill obstetric patients, overestimate morbidity and mortality. [8] [9] [10] [11] [12] [13] The failure of the existing models to predict morbidity in an obstetric population may stem from their failure to correct for physiologic changes seen in pregnancy. [14] [15] [16] [17] We therefore developed the Sepsis in Obstetrics Score, a pregnancy-specific sepsis scoring system, which accounts for physiologic changes of pregnancy (Table 1) . 18 The threshold score for prediction of ICU admission was determined from a retrospective cohort of pregnant and postpartum women presenting to Women and Infants Hospital with a clinical suspicion for sepsis. In that retrospective derivation study, the Sepsis in Obstetrics Score was found to have an area under the curve (AUC) of the receiver operator characteristic (ROC) curve of 0.97 (95% CI 0.94-1.0) for prediction of ICU admission. From the ROC curve of this derivation cohort, a score of 6 was found to be the optimal threshold. 18 The primary objective of this study was to prospectively validate the Sepsis in Obstetrics Score to identify women at risk for ICU admission for sepsis in pregnancy. The secondary objective was to compare the Sepsis in Obstetrics Score with other validated scoring systems.
MATERIALS AND METHODS
This was a prospective internal validation study of the Sepsis in Obstetrics Score. To create a sepsis-specific scoring system for use in pregnancy, the Sepsis in Obstetrics Score combines parameters from Rapid Emergency Medicine Score (temperature, heart rate, respiratory rate, and oxygen saturation) 7 as well as the SIRS and sepsis criteria as defined by the Surviving Sepsis Campaign (systolic blood pressure [BP] , heart rate, leukocyte count, percentage of immature neutrophils, and lactic acid) 4 and modifies those parameters that are expected to change in pregnancy. The temperature, respiratory rate, and oxygen saturation cutoffs are the same as in Rapid Emergency Medicine Score. The percentage of immature neutrophils and lactic acid cutoffs is unchanged from the SIRS criteria. The systolic BP considered normal is the same as the cutoff used for septic shock (90 mm Hg or greater). Systolic BP is used because it varies less throughout pregnancy than diastolic BP. Because heart rate increases by approximately 20% throughout pregnancy, an abnormal heart rate in the Sepsis in Obstetrics Score is 120 beats per minute or greater, 20% higher than the upper limit for SIRS. Finally, the upper limit of normal for leukocyte count is defined as 16.9/ microliter, the upper limit of normal in the third trimester. [15] [16] [17] 19 In this prospective study, all women with a confirmed intrauterine pregnancy to 2 weeks postpartum who presented to the ED of Women and Infants Hospital, a tertiary care women's hospital, and met Vital sign and laboratory data were collected using the electronic medical record. Each time a patient presenting to the ED met modified SIRS criteria, starting in March 2012, the health care provider was prompted to order the vital signs and laboratory values required for the Sepsis in Obstetrics Score by the electronic medical record. The electronic medical record in use at the time of the study was Cerner. The Sepsis in Obstetrics Score was calculated retrospectively from chart review using vital sign and laboratory values from the time of presentation to the ED. Like in the prior study, missing variables were assumed to be normal. Other maternal demographic data and fetal data were collected by electronic chart abstraction by a single investigator (C.M.A.).
The primary outcome was admission to the ICU for sepsis within 48 hours of presentation. Secondary outcomes included admission to a telemetry unit (indicating the need for a higher level of care), length of hospital stay, performance and results of blood cultures and influenza tests, and time to initiation of antibiotic therapy. A Sepsis in Obstetrics Score of 6 or greater was found to be the optimal threshold in our prior study. 18 Using this threshold score, sensitivity and specificity were determined from the ROC curve. Finally, the ROC curve of the Sepsis in Obstetrics Score was compared with the ROC curves of other validated sepsis scoring systems (specifically, Modified Early Warning Score and Rapid Emergency Medicine Score).
Admission to either the ICU or a telemetry unit was determined by the primary provider without knowledge of the Sepsis in Obstetrics Score. The criteria for admission to the ICU include the potential for or evidence of acute hemodynamic instability, acute respiratory distress, acute change in level of consciousness, or life-threatening fluid or electrolyte imbalances. The criteria by which women should be admitted to the telemetry unit include a diagnosis of sepsis requiring early goal-directed therapy.
In our prior study, we found an ICU admission rate for sepsis of 4% among those who had blood cultures drawn, which is consistent with other studies. 20, 21 Therefore, assuming a 4% ICU admission rate, a two-tailed a of 0.05, and a power of 80%, to determine whether the AUC of the ROC curve was within 15% of that found in the derivation cohort (AUC50.97 in the derivation cohort compared with AUC50.82 for the validation cohort), a total of 425 participants was needed. The AUC of the ROC curve was used to validate the Sepsis in Obstetrics Score as a screening tool to assess the optimal sensitivity and specificity should the scoring system be used clinically.
Descriptive statistics were compared by Sepsis in Obstetrics Score using x 2 or Fisher exact for categorical variables; continuous variables were compared using t test or Wilcoxon rank-sum where appropriate. The odds ratio (OR) and 95% CI were calculated by multiple logistic regression. A P value of ,.05 was considered statistically significant. All statistical analyses were completed using STATA 13.1. This study was approved by the Women and Infants Hospital institutional review board (#14-0012) before the initiation of the study.
RESULTS
Between March 2012 and May 2015, 1,250 women who were pregnant or within 2 weeks postpartum presented to the ED and met modified SIRS criteria. Of those, 425 (34%) had a clinical suspicion or diagnosis of an infection, therefore giving each of those patients a diagnosis of presumed sepsis. Fourteen patients (3.3%) were admitted to the ICU. Of those not admitted to the ICU, an additional 45 women were admitted to a telemetry unit. Therefore, 59 patients overall (14%) required a higher level of care for treatment of sepsis. There were no maternal deaths. Overall, 309 (72.7%) presented in the antepartum period, and of those, 260 (84.1%) presented in the second or third trimester. Of those admitted to the ICU, 10 (71.4%) were antepartum, and of those, eight (80%) were in the second or third trimester. The demographic and clinical data of the derivation and validation cohorts are summarized in the Appendix 1, available online at http://links.lww.com/AOG/A993.
The most common diagnosis at presentation was pyelonephritis followed by a general viral syndrome, suspected or confirmed influenza, endometritis, gastroenteritis, pneumonia, mastitis, chorioamnionitis, and septic abortion. The most common diagnoses among those admitted to the ICU were pyelonephritis, pneumonia, and influenza (Fig. 1) . The percentage of women with pyelonephritis and pneumonia was different in those admitted to the ICU compared with not (50% compared with 18.5%, P5.01 and 28.6% compared with 4.6%, P5.01). Of the women who presented with SIRS without a suspected or confirmed source of infection, the majority presented for evaluation of term labor followed by preterm labor or preterm prelabor rupture of membranes (Fig. 1) .
In this cohort, the Sepsis in Obstetrics Score had an AUC of 0.85 (95% CI 0.76-0.95) for prediction of ICU admission for sepsis (Fig. 2) . This AUC is within our prespecified 15% margin from the derivation AUC of 0.97. However, the validation AUC is statistically different from the derivation AUC (P5.02). The median score in this cohort was 2 (range 0-14). Sixty patients (14.1%) had a score of 6 or greater on presentation to the ED.
When evaluating the group of patients with a score of 6 or greater compared with less than 6, those with a score of 6 or greater had a higher body mass index (BMI, calculated as weight (kg)/[height (m)] 2 ) (30.9 compared with 28.7, P5.01) and were more likely to have fetal tachycardia (fetal heart rate 160 beats/minute or greater) (85.7% compared with 55.3%, P,.01). They were more likely to have a diagnosis of pyelonephritis (33.3% compared with 17.3%, P,.01) and less likely to have a diagnosis of gastroenteritis (1.7% compared with 9.6%, P5.04). There were otherwise no differences in baseline demographic information, data at presentation to the ED, or labor and delivery data ( Table 2) . Women with a score of 6 Table 3) . Thirty patients delivered during the index hospitalization for infection and of those, 19 were livebirths, three presented with an intrauterine fetal demise after 20 weeks of gestation, two presented with a secondtrimester demise, and six presented with a firsttrimester abortion. Those with a score of 6 or greater were not more likely to deliver during their index hospitalization (7.89% compared with 10%, P5.68). There were no differences in neonatal complications among livebirths between the groups (0% compared with 5.6%, P5.15) ( Table 4) .
Using a threshold score of 6, the Sepsis in Obstetrics Score had a sensitivity of 64% (95% CI 35.1-87.2%), a specificity of 88% (95% CI 85-90.6%), a positive predictive value of 15% (95% CI 7.1-26.6%), and a negative predictive value of 98.6% (95% CI 96.8-99.6%). The crude OR for ICU admission and for ICU or telemetry unit admission in those with a score of 6 or greater compared with less than 6 Other validated scoring systems, specifically Modified Early Warning Score and Rapid Emergency Medicine Score, when applied to our cohort of patients, performed similarly well (Table 5) . [5] [6] [7] The ROC curves of the other systems were not significantly different from the Sepsis in Obstetrics Score curve (Fig. 3) .
DISCUSSION
In this validation study, we have demonstrated that the Sepsis in Obstetrics Score accurately identifies women at risk for ICU admission from the ED for sepsis. The AUC of 0.85 (95% CI 0.76-0.95) using this external cohort is within our prespecified 15% margin from the derivation cohort (AUC 0.97, 95% CI 0.94-1.0). The validation data produce an AUC that is statistically worse than the derivation data; however, this is because the model was built based on the derivation data set. Importantly, given the excellent negative predictive value (98.6%), a score of less than 6 effectively rules out the need for ICU admission. This may allow health care providers to not pursue unnecessary medical evaluation or may allow for more rapid deescalation of care.
Unfortunately, the Sepsis in Obstetrics Score does not perform statistically better than other currently validated scoring systems. However, it was derived and validated in an obstetric population and although the ROC curves are not statistically different, the Sepsis in Obstetrics Score appears to balance sensitivity and specificity better than the other scoring systems. In light of the 2016 recommendations to use the quick Sequential (Sepsis-related) Organ Failure Assessment score in the general population to aid in the diagnosis of sepsis, 6 we believe that the Sepsis in Unauthorized reproduction of this article is prohibited.
Obstetrics Score will be more information because many pregnant women will have a systolic BP 100 mm Hg or less and a respiratory rate 22 breaths per minute or greater on presentation, but very few will have altered mentation (none in our study). Consequently, the score is not likely to be useful in the evaluation of pregnant women given that only two of the three components are likely to be used.
Modified obstetric early warning scoring systems perform well in the prediction of maternal morbidity and mortality and may help to prevent obstetric morbidity. 22 However, these scoring systems are mostly not validated, are not specific to maternal sepsis, and still overdetect sepsis when evaluated in that setting. 23 In this study, we found that there was poor adherence to timely, within 1 hour, antibiotic initiation despite a clinical diagnosis of sepsis (3.8% of the entire cohort and 5.6% of those with a Sepsis in Obstetrics Score of 6 or greater). There was a 30-minute difference in the time to antibiotic initiation between those with a score of 6 or greater compared with those with a score of less than 6. Because health care providers did not know the individual patients' score, this indicates that patients who were sicker got antibiotics faster, but an average of more than 3 hours is poor. The current recommendations for the treatment of sepsis include antibiotic initiation within 1 hour of presentation because delays lead to higher morbidity and mortality. 4, [24] [25] [26] This highlights the need for a standardized scoring system to identify sepsis in pregnancy.
The strengths of this study are that it was performed in a large, prospectively collected consecutive cohort of women who presented to the ED. It is also one of only a few studies that has attempted to evaluate and improve on the diagnosis of sepsis in pregnancy.
Our study is not without limitations. This internal validation was performed at a single institution, limiting its generalizability. We did not perform an analysis of the predictive value of each variable independently and within the scoring system; however, in our retrospective study, we demonstrated that the score performed better than each individual variable. 18 Overall, 260 patients were missing one or more variables in the Sepsis in Obstetrics Score, with 230 missing lactic acid and 121 missing percentage of immature neutrophils. This reflects that using SIRS as our inclusion criteria significantly overcalled systemic illness, because the supervising physician ignored prompts to order these tests. We assumed that missing values were normal. This likely biased our findings toward the null suggesting that had those values been abnormal, the scoring system would have performed better. Morbidity from sepsis, including ICU admission, is rare in pregnancy. The AUC in this study is based on only 14 ICU admissions and consequently, the positive predictive value will be low and the negative predictive value will be high. Intensive care unit admission is not, per se, a morbidity. All women who require BP or ventilatory support are admitted to the ICU and although it is possible that some women who met criteria for ICU level of care did not get admitted, this likely represents a small percentage of women. This is a more complex scoring algorithm than other ED scoring systems such as the quick Sequential (Sepsis-related) Organ Failure Assessment score; however, it is less complicated than many widely adopted ICU scoring systems, is translatable into an online application, and is validated for use in pregnancy. The score was calculated only once from the patients' vital signs and laboratory data on. Finally, a control group of women presenting for disorders other than sepsis was not evaluated. Studies such as this can lead to quality initiatives including performance of appropriate blood tests such as cultures and lactic acid measurement as well as rapid initiation of antibiotic therapy. Future studies should evaluate the incorporation of the Sepsis in Obstetrics Score into clinical practice to more quickly recognize and treat sepsis in pregnancy and focus on a change of score to better predict clinical deterioration. This research should help health care providers more accurately identify women at risk for clinical deterioration from sepsis, allowing for rapid treatment and mitigation of morbidity and mortality.
